Aims Investigating intraspecific karyotypic and genetic variations jointly can provide unique insights into how historical, ecological and cytogenetic factors influence microevolution. A coastal herb, Lysimachia mauritiana, exhibits extensive karyotypic polymorphism and displays a complex cytogeographic pattern across the Ryukyus. To explore whether a similar degree of chromosomal variation exists south of the Ryukyus, and in an attempt to ascertain the mechanisms that may have generated the patterns, comprehensive sampling was conducted in Taiwan. † Methods Karyotypes were analysed at mitotic metaphase for 550 individuals from 42 populations throughout Taiwan Proper and its adjacent islands. In addition, genetic variation was estimated using 12 allozymes (21 loci) of 314 individuals sampled from 12 localities. † Key Results Four chromosome numbers and eight cytotypes, including four endemic cytotypes, were detected. Cytotype distributions were highly structured geographically, with single cytotypes present in most populations and four major cytotypes dominating the north, east and south of Taiwan and the Penghu Archipelago. Allozyme variation was very low and F-statistics indicated an extremely high level of population differentiation, implying limited gene flow among populations. Cluster analysis of allozyme variation uncovered four geographic groups, each corresponding perfectly to the four dominant cytotypes. The geographic structure of cytotype distribution and allozyme variation probably resulted from severe genetic drift triggered by genetic bottlenecks, suggesting that Taiwanese populations were likely to be derived from four independent founder events. In the few localities with multiple cytotypes, cytogeographic patterns and inferences of chromosomal evolution revealed a trend of northward dispersal, consistent with the course of the Kuroshio Current that has been influential in shaping the coastal biota of the region. † Conclusions The data elucidate the patterns of colonization and the effects of the Kuroshio Current on the distribution of L. mauritiana in Taiwan. These inferences are highly relevant to other coastal plant species in the region and will stimulate further studies.
INTRODUCTION
Taiwan and its offshore islands/islets and the Ryukyu Archipelago of Japan (the Ryukyus) constitute a long island arc lying on the Pacific edge of Eurasia. Because of the continental nature and linear alignment of these islands stretching across tropical to temperate latitudes, the origins of the insular floras and migrations of plants across these archipelagos have inspired many phytogeographic studies Nakamura et al., 2009) . More recently, details regarding the origins and migrations of these floras across the archipelagos and adjacent regions have been revealed through molecular phylogeographic studies, stimulating insightful hypotheses regarding the impacts of the Pleistocene glaciations on the distribution of plant diversity Setoguchi et al., 2006; Nakamura et al., 2010; Nomura et al., 2010) . However, the majority of the studies have focused on woody plants of montane distribution (Lin, 2001; Lu et al., 2002; Huang et al., 2004; Cheng et al., 2006; Lee et al., 2006) , rather than on maritime or coastal plants (Chiang et al., 2001; Hiramatsu et al., 2001; Matsumura et al., 2009) . Although coastal plant species constitute only a relatively small proportion of the regional flora, their distribution ranges are often very wide and their ecology differs from that of inland plants by several important aspects that deserve special attention (Nakanishi, 1988; Kadereit et al., 2005; Takayama et al., 2006) . For example, coastal plants, as suggested by their habitat preference, occur in a very narrow belt of coastal zone and often have a linear distribution across a very wide latitudinal and longitudinal range. This distribution pattern suggests that within their wide geographic range, migration routes are limited, and refugial and recolonized areas might still be present. Secondly, in addition to changes in the global climate such as the cycle of the Pleistocene glaciations, the distributions of coastal plant species would have also been influenced strongly by oceanic currents (Nakanishi, 1988; Kadereit et al., 2005) .
In East Asia, the most dominant oceanic current is the Kuroshio, a vigorous northern branch of the North Equatorial Current (NEC) in the Pacific Northwest (Qiu, 2001) . The Kuroshio Current (KC) originates east of the Philippine coast, flows northward along the eastern coast of Taiwan and, after entering the East China Sea through the passage between Taiwan and Iriomote Island, sweeps across the western rim of the Ryukyus (Su and Pu, 1987; Qiu, 2001) . The impacts of the KC on the distribution of biota have been long lasting, as suggested by the mid-Neogene biochronostratigraphy in Japan (Tsuchi, 1997) . With the massive amount of tropical warm water transported, the KC strongly influences the climate in East Asia and is vital for the fisheries and the distribution patterns of the marine fauna of the region (Barkley, 1970; Mok, 2008) . For coastal and maritime floras, the KC had long been hypothesized to have brought the tropical elements suitable for dissemination by sea to the subtropical islands of the Ryukyus (Nakanishi, 1988; Kuo et al., 2006) . These conjectures have been supported by molecular data recently (Yoshida et al., 2000; Matsumura et al., 2009) . However, to our knowledge, the impacts of the KC on coastal plants in Taiwan have rarely been addressed in the recent literature.
Lysimachia mauritiana Lam. (Primulaceae), a biennial herb distributed widely along coastlines in East Asia, the Philippines, Micronesia, Polynesia and the Indian Ocean islands (Iwatsuki et al., 1993; Hu and Kelso, 1996) , has proven to be a good model system for studying intraspecific karyotypic polymorphism (Oginuma et al., 2004a, b; Kono et al., 2008 Kono et al., , 2010 Kono et al., , 2011 . The species displays remarkable karyotypic heterogeneity; in the Ryukyus alone, five chromosome numbers (2n ¼ 16, 17, 18, 19 and 20) and 18 cytotypes have been documented thus far (Oginuma et al., 2004a; Kono et al., 2008 Kono et al., , 2010 , comparable with the well-studied examples of rapid chromosomal radiation in mammals, e.g. the Madeira house mice (Britton-Davidian et al., 2000) and the common shrews in European Russia (Orlov et al., 2007) . Compared with divergences of macromolecules such as allozymes and DNA sequences, recent studies have shown that karyotypic divergences could have evolved faster than DNA sequences (Britton-Davidian et al., 2007; White et al., 2010) , suggesting that intraspecific karyotypic variation can provide unique insights into recent histories of population dynamics and how chromosomal changes can contribute to the microevolution of species.
Analyses of meiotic chromosome configurations in pollen mother cells (PMCs) and distribution patterns of rDNAs using fluorescence in situ hybridization (FISH) indicate that the karyotypic polymorphism of L. mauritiana in the Ryukyus has been generated by Robertsonian (Rb) fusion/ fission, pericentric inversion and crosses between different cytotypes (Oginuma et al., 2004a; Kono et al., 2011) . However, patterns of the cytotype distributions in the Ryukyus appear to be complicated and lack an apparent geographic structure (Kono et al., 2008 (Kono et al., , 2010 , contrasting greatly with observed cytogeographic patterns in the Madeira house mice (Britton-Davidian et al., 2000) and in common shrews of European Russia (Orlov et al., 2007) . The lack of cytogeographic structure of L. mauritiana in the Ryukyus could have resulted from convergent chromosomal changes (Orlov et al., 2007) or frequent dispersals across the Ryukyus, probably mediated by seawater, as suggested by its buoyant capsules and maritime habit (Nakanishi, 1988) .
In Taiwan, L. mauritiana is one of the most frequent and typical members of the coastal plant community, found in many small and isolated populations along the northern, eastern and southern coastlines of Taiwan Proper and on offshore islands/islets (Fig. 1) . The first karyotypic analysis of Taiwanese L. mauritiana conducted by Oginuma et al. (2004b) revealed the chromosome number of 2n ¼ 20 for all 42 plants collected from Orchid Island (Fig. 1 ). The cytotype of 2n ¼ 20 chromosomes in Orchid Island, consisting of four longer metacentric (m: marker chromosome, see Karyomorphological analysis in the Materials and Methods), four submetacentric (sm), two subtelocentric (st) and ten telocentric (t) chromosomes (2n ¼ 20 ¼ 4m + 4sm + 2st + 10t), was never recorded from the Ryukyus (Oginuma et al., 2004a; Kono et al., 2008 Kono et al., , 2010 . Interestingly, the same cytotype of 2n ¼ 20 was also found on the Hawaiian island of Maui and Rota Island of the Northern Marianas (Kono et al., unpubl. res.) . Given the proximity between Taiwan and the Ryukyus, the absence of this particular 2n ¼ 20 cytotype in the Ryukyus prompted us to investigate the cytogeographic pattern of L. mauritiana in Taiwan thoroughly.
The present study reports a comprehensive karyotypic analysis of L. mauritiana throughout its distribution range in Taiwan Proper and its outlying islands/islets, and also in Kinmen and Matzu Islands, which are geographically closer to mainland China. Because our data revealed significant cytogeographic patterning in Taiwan, allozyme data were collected to test how chromosomal variation correlated with and may have affected the population genetic structure of the species in Taiwan. When genomic information is not readily available, allozyme data can provide co-dominant information to reveal population genetic structure (Avise, 2004) . In this study, we specifically addressed the following questions. (1) How many different cytotypes and what cytogeographic patterns of the species are present in Taiwan? (2) What is the population genetic structure as revealed by allozyme variation? (3) Is the cytogeographic pattern concordant with the population genetic structure revealed in allozyme variation? (4) What are the biogeographic implications of these patterns, and to what extent might these have been influenced by the KC?
MATERIALS AND METHODS

Karyomorphological analysis
For karyotypic analyses, the sampling covered the current distribution range of Lysimachia mauritiana in Taiwan Proper within its offshore islands/islets of Cotton (Mianhua) Islet, Green Island (Lutao) and the Penghu Archipelago, and Kinmen Island and the Matzu Archipelago, both off the coast of mainland China (Table 1 ; Fig. 1 ). Each sample was collected at intervals of 30-50 cm. In this study, a total of 550 plants were collected from 42 localities and cultivated in the experimental greenhouse of the Academia Sinica, Taipei. Table 1 ), and large (≥10) and small (,10) circles indicate the sample size. Stars indicate localities with two or three cytotypes; pie charts show the frequency of the cytotypes in each of the four localities. The cytotypes found in Orchid Island are cited from Oginuma et al. (2004b) .
Voucher specimens were deposited in the herbarium of Biodiversity Research Center, Academia Sinica, Taipei (HAST). Somatic chromosomes were examined using root tips from plants. Root tips were pretreated in 2 mM 8-hydroxyquinoline at about 18 8C for 6 h, then fixed overnight in a 3:1 ethanol -acetic acid solution below 4 8C. Chromosomes were macerated and stained in 2 % acetic orcein with 1 N hydrochloric acid (10:1) for observations. For each individual, a karyotype was analysed based on at least three cells with easily identifiable chromosome numbers and structures at mitotic metaphase. Classification of chromosome morphology [metacentric (m: arm ratio 1 . 0-1 . 7), submetacentric (sm: 1 . 7-3 . 0), subtelocentric (st: 3 . 0-7 . 0) and telocentric (t: over 7 . 0) chromosomes in karyotype] was based on the centromere position following Levan et al. (1964) .
In this study, individuals of a species with distinct chromosome numbers or chromosome structures were respectively defined as 'cytotype(s) ' (cf. Müntzing, 1953) . A simplified cytotype classification that designated easily identifiable longer chromosomes as markers was adopted (Kono et al., 2008) . Each chromosome length of 126 cells of 60 individuals (2n ¼ 16, 17, 18, 19 and 20) in the chromosome complement collected from Taiwan, the Ryukyus and mainland Japan were 
* Numbers indicate the locality numbers in Taiwan (see Fig. 1 ). † N indicates the total number of individuals observed in the respective localities. ‡ m, longer metacentric; m, metacentric; sm, submetacentric; st, longer subtelocentric; st, subtelocentric; t, telocentric chromosomes. measured to calculate the relative length [i.e. (length of each chromosome)/(total length of all chromosomes in the complement) × 100 (%)]. As a result, chromosomes longer than 5 . 4 relative lengths were designated as marker chromosomes and are indicated by bold 'm' (longer metacentric) and 'st' (longer subtelocentric) except for the longer telocentric chromosomes (Table 1) .
Meiotic chromosome analysis
Chromosome configurations in meiosis were observed in PMCs. Young anthers were fixed overnight in a 3:1 ethanol -acetic acid solution below 4 8C for .24 h. Fixed materials were macerated and stained in 2 % acetic orcein with 1 N hydrochloric acid (10:1) for about 1 h then observed.
Allozyme analysis
Based on the cytogeographic pattern found, 314 individuals of L. mauritiana from 12 representative localities were sampled for allozyme analyses in Taiwan Proper, Green Island, Orchid Island and the Penghu Archipelago (Fig. 2) . A voucher specimen of each population was collected and deposited in HAST. Fresh leaf tissue from 25 -27 individuals with at least a 10 m interval from one another were collected from each population and immediately stored on ice. The localities of all 12 populations are shown in Table 2 and Fig. 2 .
For each plant, 1 g of leaf tissue was ground with 1 mL of potassium phosphate grinding buffer . The crude extract was absorbed with a 4 × 8 mm paper wick of 3M chromatographic paper and then stored at -70 8C prior to electrophoresis. Following the method of Soltis et al. (1983) , horizontal starch gel electrophoresis was employed. The buffers of system I were used to analyse the following eight enzymes: fructose-1,6-diphosphatase (FDP; EC 3 . 1 . 3 . 11), fluorescent esterase (FEST; EC 3 . 1 . 1 . 1), isocitric acid dehydrogenase (IDH; EC 1 . 1 . 1 . 41), malic acid dehydrogenase (MDH; EC 1 . 1 . 1 . 37), malic enzyme (ME; EC 1 . 1 . 1 . 40), phosphogluconate dehydrogenase (PGD; EC 1 . 1 . 1 . 44), phosphoglucomutase (PGM; EC 5 . 4 . 2 . 2) and shikimic acid dehydrogenase (SDH; EC 1 . 1 . 1 . 25). Meanwhile, the buffers of system II were used to resolve another four enzymes: acid phosphatase (ACP; EC 3 . 1 . 3 . 2), alcohol dehydrogenase (ADH; EC 1 . 1 . 1 . 1), phosphoglucoisomerase (PGI; EC 5 . 3 . 1 . 9) and superoxide dismutase (SOD; EC 1 . 15 . 1 . 1). Staining protocols of Soltis et al. (1983) were followed. The allozymic banding patterns were interpreted based on the methods described by Kephart (1990) and Gottlieb (1977) . Isozyme loci were numbered consecutively, beginning with the most anodal locus if more than one isozyme was present. Alleles were marked alphabetically following the same criterion. The package GenAlEx (Peakall and Smouse, 2006 ) was used to estimate the parameters of genetic diversity within and among populations and the population structure. For each population, the percentage of polymorphic loci (P p ), mean number of alleles per locus (A), observed heterozygosity (H o ) and the expected heterozygosity (H e ) were calculated. Calculation of the fixation index ( f ) and the test for HardyWeinberg equilibrium were performed by the program POPGENE version 1 . 32 (Yeh and Boyle, 1997) . Principle co-ordinate analysis (PCA) of the correlation matrix of population allele frequency was performed using the program PCA-GENE version 1 . 2 (Goudet, 1999) . Weir and Cockerham (1984) 's parameters f, F and u were measured to compare the amount of total genetic variation partitioned within and among populations. Conceptually f, F and u are equivalent to Wright's F-statistics F IS , F IT and F ST , respectively (Holsinger and Weir, 2009 ). Lower and upper 95 % confidence intervals were calculated by bootstrapping across loci for 1000 replicates. The indirect estimation of gene flow (Nm) was calculated based on the equation Nm ¼ (1 -u)/4u (Wright, 1951) . Relationships between populations were also investigated by constructing a Neighbor-Joining (NJ) tree using MEGA5 (Tamura et al., 2011) Fig. 3 ). The two cytotypes with 2n ¼ 20 and 18 were further divided into two and three cytotypes, respectively. Since these cytotypes might be the standard and/or original cytotype of the species, they were further analysed for detailed chromosome structure in each complement (see Kono et al., 2010) .
(1) 2n ¼ 20 (4m): All individuals with 2n ¼ 20 (4m) could be further divided into two cytotypes. (1a) 2n ¼ 20 (4m) TS (Taiwan South) cytotype: 2n ¼ 20 ¼ 4m + 4sm + 2st + 10t (Fig. 3A ). Satellites were observed at the distal region of the short arm in the two st chromosomes (Fig. 3A : nos 9 and 10). The 107 individuals were collected from two localities on the south coast of Taiwan Island and six localities on Green Island (Table 1 ; orange in Fig. 1 ). This cytotype was also observed in Orchid Island in a previous study (Oginuma et al., 2004b; Fig. 1) (Fig. 3B ). Satellites were observed at the distal region of the long arm in the two st chromosomes (Fig. 3B : nos 7 and 8). The 150 individuals collected from 13 localities in northern and northeastern Taiwan Island, two localities in the Matzu Archipelago and three localities on Kinmen Island were characterized by this cytotype (Table 1 ; yellow in Fig. 1 ).
( (Fig. 3C ). Satellites were observed at the distal region of the short arm in an m and an st chromosome (Fig. 3C : nos 2 and 9). The cytotype was found in an individual collected from Green Island (Table 1 ; purple in Fig. 1 ).
(3) 2n ¼ 18 (6m): Individuals with 2n ¼ 18 (6m) could be further classified into two cytotypes. (3a) 2n ¼ 18 (6m) cytotype: 2n ¼ 18 ¼ 6m + 2sm + 10t (Fig. 3D ). Satellites were observed at the distal region of the short arm in two m chromosomes ( Fig. 3D: nos 3 and 4) . The 132 individuals collected from seven localities on the eastern coast of Taiwan Island, one locality in the north (Shihmen) and two localities from Green Island possessed this cytotype (Table 1 ; red in Fig. 1 (Fig. 3E ). Satellites were observed at the distal region of the long arm in two st chromosomes ( Fig. 3E : nos 9 and 10). This cytotype was restricted to a small population (three plants sampled in this study) in Fenniaolin, north-east of Taiwan Island (Table 1 ; grey in Fig. 1 ), and has never been documented in previous reports.
(4) 2n ¼ 18 (4m, 2st) cytotype: 2n ¼ 18 ¼ 4m + 2sm + 2st + 10t (Fig. 3F ). Satellites were observed at the distal region of the long arm in two m chromosomes (Fig. 3F : nos 1 and 2). This cytotype, thus far only found in Taiwan, was carried by 56 individuals collected from four localities in the north of Taiwan Island and from Cotton Islet (Table 1 ; pink in Fig. 1 ).
(5) 2n ¼ 16 (8m) cytotype: 2n ¼ 16 ¼ 8m + 2sm + 6t (Fig. 3G ). Satellites were observed at the distal region of the short arm in two m chromosomes (Fig. 3G: nos 3 and 4) . All 96 individuals collected from five localities in the Penghu Archipelago (Table 1 ; aqua in Fig. 1 ) were characterized by this cytotype.
(6) 2n ¼ 16 (6m) TC (Taiwan Cotton Islet) cytotype: 2n ¼ 16 ¼ 6m + 2sm + 8t (Fig. 3H ). Satellites were observed at the distal region of the short arm in two m chromosomes (Fig. 3H : nos 3 and 4). The five individuals collected from Cotton Islet (Table 1 ; blue in Fig. 1) showed this cytotype, which, as far as we know, is endemic to this tiny islet.
In conjunction with the data reported in Oginuma et al. (2004b) , the distribution of eight cytotypes observed in the 592 individuals collected from 46 localities is depicted in Fig. 1 . Based on the cytogeographic map, the distribution of the eight Taiwanese cytotypes is clearly structured geographically, with the four representative cytotypes with higher frequencies (.15 %) each dominating in a different area: the north of Taiwan, Kinmen and Matzu Islands [20 (4m) TN TN and 18 (4m, 2st) , were of equal frequency (Fig. 1: no. 4) . Another two cytotypes of equal frequency, 18 (4m, 2st) and 16 (6m) TC, were observed on Cotton Islet (Fig. 1: no. 7) . The Green Island Jiangjunyan population had three cytotypes of 20 (4m) TS, 19 (5m) TG and 18 (6m), and their frequencies were 33 . 3, 4 . 2 and 62 . 5 %, respectively ( Fig. 1: no. 37 ). The cytogeographic pattern in Taiwan appears to be very different from that observed in the Ryukyus, where several cytotypes tended to co-occur at a given locality and whose distribution was far less structured geographically (Oginuma et al., 2004a; Kono et al., 2008 Kono et al., , 2010 .
Meiotic chromosome configurations
The chromosome configurations of about 10-40 PMCs at diakinesis and metaphase I (M-I) were observed in the eight cytotypes of Taiwan. Among the eight cytotypes, chromosome configurations of seven cytotypes were regular, showing only bivalents, namely 20 (4m) TS with 10II (Fig. 4A) ; 20 (4m) TN with 10II (Fig. 4B) ; 18 (6m) with 9II (Fig. 4D) ; 18 (6m) TF with 9II (Fig. 4E) ; 18 (4m, 2st) with 9II (Fig. 4F) ; 16 (8m) with 8II (Fig. 4G) ; and 16 (6m) TC with 8II (Fig. 4H) . However, only an individual of the 19 (5m) TG cytotype showed one univalent ( Fig. 4C: arrow) in addition to nine bivalents.
Allozyme variation
Twelve enzymes comprising 21 loci were detected (see Appendix). Of the 21 loci, seven loci (33 . 3 %) were monomorphic (Adh-2, Fdp-1, Fest, Mdh-2, Me-2, Sdh and Sod-1). Of the 14 polymorphic loci, seven loci (33 . 3 %) were fixed at one or the other alternative allele in all 12 populations (Acp, Fdp-2, Idh-1, Pgd-1, Pgd-2, Pgm-1 and Pgm-2), and the remaining seven loci (33 . 3 %) were polymorphic at least in one population (Adh-1, Idh-2, Mdh-1, Me-1, Pgi-1, Pgi-2 and Pgm-3; Appendix). Mdh-1, which was fixed in the heterozygous condition (or was a duplicated locus) in all populations, did not behave in a Mendelian fashion and was therefore excluded from all analyses (Culley and Wolfe, 2001) .
Measures of allozyme diversity are summarized in Table 3 . Overall, the allozyme data detected very low genetic variation within L. mauritiana in Taiwan, with an average of only 6 . 3 % polymorphic loci for each population and 1 . 096 alleles per locus, ranging from 1 . 0 to 1 . 35 in all populations. The fixation index ( f ) of polymorphic loci in eight populations is listed in Table 4 . Significant deviations from HardyWeinberg equilibrium were detected in 12 out of 15 tests. Except for Pgi-2 in Wai'ao which showed a significant negative value of f (-0 . 171), 11 tests were significantly positive, indicating a general lack of heterozygosity. Results of F-statistics are shown in Table 5 . The mean values of f, F and u were 0 . 486, 0 . 955 and 0 . 981, respectively, and are among the highest when compared with values reported from previous studies Loveless and Hamrick, 1984; Cole, 2003) . The unusually high u values suggest a prolonged population isolation in Taiwan with very low gene flow, as indicated by a very low value of the average number of effective migrants (Nm ¼ 0 . 024).
PCA (Fig. 5 ) revealed four major clusters that correspond well to the geographic distribution of each population. Except for Shihmen, populations of northern and north-eastern Taiwan (NFA, WA, DL, WL and BTC) form a cluster that appears to be genetically further away from the other populations. The remaining populations were placed into three clusters, each composed of a southern Taiwan population (ELB and LY), a Penghu population (PH) and a cluster composed of populations from GI, SST, STP and SM. In the NJ tree (Fig. 6) , the groupings of 12 populations were highly concordant to the PCA analysis (Fig. 5) . Specifically, except for SM, the northern and north-eastern populations (NFA, WA, DL, WL and BTC) formed a group more distantly related to the other populations. The eastern group (GI, SST, STP and SM) also form a closely related group, with two more distantly related groups (PH, and ELB and LY) each grouping with STP and GI, respectively.
DISCUSSION
Karyotypic polymorphism
Based on comprehensive sampling and detailed karyotypic analyses of Lysimachia mauritiana, considerable karyotypic polymorphism of eight distinct cytotypes with four chromosome numbers was found ( (Oginuma et al., 2004a, b; Kono et al., 2008 Kono et al., , 2010 , and occupied a broader range in Taiwan with relatively higher frequencies. Although the eight cytotypes of four chromosome numbers associated with Taiwan were fewer than the 18 cytotypes and five chromosome numbers documented in Japan, distributions of the eight cytotypes in Taiwan were highly structured geographically, drastically different from those documented in the Ryukyus ( 
Allozyme variation
Given its mixed breeding system, wide geographic range and reasonable local population size, L. mauritiana was expected to harbour a significant amount of genetic diversity at both intra-and interpopulation levels. On the other hand, L. mauritiana is found exclusively in coastal habitats that are frequently disturbed by erosion and occasional abnormal weather phenomena such as typhoons. Together with its biennial habit, the species might be expected to have low levels of allozyme variation (Nakanishi, 1988; Hamrick, 1989) . Analyses of allozyme data for L. mauritiana in Taiwan revealed very little genetic variation (Table 3 ). The percentage of polymorphic loci per population (P p ¼ 0 . 0-20 . 0 %) and the mean number of alleles per locus (A ¼ 1 . 0-1 . 35) of the species are both much lower than values reported in previous studies of other seed plants (P p ¼ 13 . 4-67 . 0 % and A ¼ 1 . 11 -2 . 37, respectively) Loveless and Hamrick, 1984; Cole, 2003) . In addition, most loci of the species were fixed as alternative alleles in the population, resulting in very low heterozygosities (H o ¼ 0 . 000 -0 . 050) within populations (Table 3) . Similarly low levels of genetic diversity have been documented in other coastal plants including Zamia pumila in the West Indies (P p ¼ 8 . 9 %; A ¼ 1 . 10; Walters and Decker-Walters, 1991) , Polygonella macrophylla of the Gulf Coast (P p ¼ 18 . 7 %; A ¼ 1 . 23; Lewis, 1991) , the Hawaiian genus Brighamia (P p ¼ 0-27 . 3 %; A ¼ 1 . 0-1 . 4; Gemmill et al., 1998) and Paeonia californica from coastal California (Zona et al., 1991) .
Although L. mauritiana has a mixed breeding system (C.H. Chen, unpubl. res.), the significant positive value of the fixation index (Table 4 ) and positive value of f (Table 3) indicate a lack of heterozygosity, suggesting genetic bottlenecks due to small founder populations in the past. The mean u value (0 . 981), which is much higher than the reported range of the related index G st (0 . 077-0 . 523) (Loveless and Hamrick, 1984) , indicates a high level of population differentiation of L. mauritiana in Taiwan (Hamrick, 1989) . Based on the mean value of u, the effective migrant per generation, Nm, is 0 . 024, suggesting a very low level of gene flow among populations. Nm , 1 indicates that interpopulational migration is low enough such that the effects of random genetic drift will be not offset (Slatkin, 1987) . Though seemingly extreme, similar patterns of allozyme variation have been observed in other coastal or insular plant species such as the 'alba' form of P. macrophylla (Lewis, 1991) , P. californica (Zona et al., 1991) and Z. pumila (Walters and Decker-Walters, 1991) . The pattern of depauperate genetic variation within populations and extreme population sub-divisions is likely to have resulted from the combined actions of founder effect, genetic drift and the bottleneck effect, processes often linked to the life history traits and ecology of colonizing flora such as L. mauritiana and other coastal and maritime plant species (Barrett and Shore, 1989) .
Concordance between cytogeographic pattern and population genetic structure Although intraspecific chromosomal variation has been documented and well studied in many organisms (Levin, 2002) , its role in speciation remains controversial (Morgan-Richards, 1997; Levin, 2002) . While studies have documented a concordant pattern between chromosomal variation and DNA sequence data (Yano et al., 2010) , others have reported discrepancies between intraspecific karyotypic polymorphism and allozyme variation (Ohkawa et al., 2000) in plants.
Among the 46 populations investigated, 42 localities possessed a single cytotype (91 . 3 %), with only four localities exhibiting intrapopulational karyotypic polymorphism (Table 1 ; Fig. 1) . Compared with the pattern of intraspecific karyotypic polymorphism observed in the Ryukyus where cytotype distributions were less structured geographically and different cytotypes often occurred sympatrically (Kono et al., 2008 (Kono et al., , 2010 , the four cytotypes in Taiwan with the higher frequencies were dominant in the north [20 (4m) (Fig. 1) . These four representative cytotypes are widespread and have been previously reported in Korea, the Ryukyus and the Pacific islands outside Taiwan (Tanaka and Hizume, 1978; Oginuma et al., 2004a, b; Kono et al., 2008 Kono et al., , 2010 and Y. Kono et al., unpubl. res.) . The 20 (4m) TN cytotype has been reported from the northern and central Ryukyus, mainland Japan and Korea; the 18 (6m) (Table 2) of Lysimachia mauritiana, inferred from the frequencies of 44 alleles. The percentages of the total variability explained by the first components were 57 . 51 % for Axis 1 and 19 . 31 % for Axis 2.
cytotype from the southern Ryukyus except for Yonagunijima Island; the 20 (4m) TS cytotype from Maui in the Hawaiian Islands and Rota of the Northern Mariana Islands; and the 16 (8m) cytotype in Yonagunijima Island and the several islands of the central Ryukyus. The segregated cytogeographical pattern appears to be highly concordant with the population genetic structure and genetic relationships as revealed by the allozyme data (Figs 2, 4 and 5). Specifically, the geographic range of the 20 (4m) TN cytotype karyotypically analysed closely corresponds with that of the northern and north-eastern Taiwan group (NFA, WA, DL, WL and BTC) in the PCA plot (Fig. 5 ) and NJ tree (Fig. 6) . The southern Taiwan and Orchid Island populations were dominated by the 20 (4m) TS cytotype and genetically categorized as the southern Taiwan group (ELB and LY) in the PCA plot (Fig. 5 ) and NJ tree (Fig. 6) . At first glance, the eastern Taiwan group (GI, SST, STP and SM) in the allozyme dendrogram appears to be less structured geographically because of the inclusion of the Shihmen (SM) population of northern Taiwan Island. However, the SM population was the only locality in the north where the 18 (6m) cytotype also occurred (Fig. 1) .
Placing the SM population with the other eastern Taiwan populations therefore best reflects the karyotypic data collected. Genetically, the Penghu Island (PH) population was placed closest to the eastern Taiwan group in the allozyme dendrogram. Though seemingly questionable from a geographic point of view, this relationship is actually supported by inferences from karyotypic analyses (see below).
Hypotheses on the origin of karyotypic polymorphisms in Taiwan
The high concordance between cytotype distribution and population genetic structure of L. mauritiana in Taiwan suggests that cytotypes in Taiwan are most probably stable (Ohkawa et al., 2000) . Analyses of cytogeography, karyotypic polymorphism and allozyme variation provide additional insights into the relationships and putative origins of the cytotypes in Taiwan.
Data from meiotic chromosome configurations provide additional support (Fig. 4) . Among eight cytotypes in Taiwan, meiotic chromosome configurations at diakinesis and M-I of seven cytotypes were normal, showing only bivalents except for an individual of the 19 (5m) TG cytotype (Fig. 4) . The results were also used to verify the hypothesis of the relationships and the origins in Taiwanese cytotypes.
(1) 19 (5m) TG cytotype ( Fig. 7C ): Although the 19 (5m) cytotype has been documented in the Ryukyus (Kono et al., 2008 (Kono et al., , 2010 using the marker chromosome (m), its karyotype was 2n ¼ 19 ¼ 5m +3sm/st + 11t, clearly distinguishable from the 19 (5m) TG cytotype (2n ¼ 19 ¼ 5m + 1m + 2sm + 1st + 10t) in Taiwan. In Jiangjunyan, individuals of the 20 (4m) TS cytotype were mostly found on the rocky cliffs where the population is fairly sizable, while plants of the 18 (6m) cytotype preferred the sandy coast where far fewer L. mauritiana are found. The individual of the 19 (5m) TG cytotype, collected between these two habitats, was most probably a derivative of the crossing between these two cytotypes. The meiotic chromosome configuration at M-I with 9II + 1I (Fig. 4C ) also supports the hypothesized crossing in the 19 (5m) TG cytotype.
(2) 18 (6m) TF cytotype ( Fig. 7E ): A comparison with the other cytotypes in Taiwan suggests that the 18 (6m) TF cytotype was derived from Rb fusion of four t chromosomes in the 20 (4m) TN cytotype that dominates populations in northern and north-eastern Taiwan (Fig. 1) , resulting in a decrease of chromosome number from 2n ¼ 20 to 2n ¼ 18. (3) 18 (4m, 2st) cytotype ( Fig. 7F ): In the population sampled from Shihmen, the cytotype was also intermixed with the 18 (6m) cytotype, the dominant form in eastern Taiwan (Fig. 1) . Karyotypically, the 18 (4m, 2st) cytotype is similar to the 18 (6m) cytotype; the only difference between the two cytotypes can be best explained by the pericentric inversion of two m chromosomes in the 18 (6m) cytotype. The pericentric inversion had been confirmed as the mechanism responsible for the creation of new cytotypes 2n ¼ 16 (6m, 2st), 16 (7m, 1st) and 16 (8m) on Yonagunijima Island of the Ryukyus (Oginuma et al., 2004a) following observation of meiotic chromosome configurations at diakinesis and M-I. Oginuma et al. (2004a) suggested that two longer metacentric chromosomes (m) of 2n ¼ 16 (8m) changed to two longer subtelocentric chromosomes (st) of 2n ¼ 16 (6m, 2st) by pericentric inversion, because the meiotic chromosome configuration of 2n ¼ 16 (7m, 1st) showed that an m and an st chromosomes formed a bivalent. Genetically, the allozyme data indicate that the Shihmen (SM) population is closest to the Shihtiping (STP) population that is dominated by the 18 (6m) cytotype (Figs 5 and 6), further corroborating the deduced hypothesis regarding the origin of the 18 (4m, 2st) cytotype.
(4) 16 (8m) cytotype ( Fig. 7G ): The same cytotype was previously reported from Yonagunijima, Iheyajima, Tokunoshima, Kakeromajima and Takarajima Islands of the Ryukyus (Oginuma et al., 2004a; Kono et al., 2008 Kono et al., , 2010 . Oginuma et al. (2004a) hypothesized that the 16 (8m) cytotype in the Ryukyus originated from Rb fusion of four t chromosomes in the southern Ryukyu cytotype 2n ¼ 18 (6m) which is also dominant in eastern Taiwan (red in Fig. 1) . Interestingly, despite the current disjunct distribution of the two cytotypes on the Penghu Archipelago and eastern Taiwan, our allozyme data also revealed a close genetic relationship between the two regions (Figs 5 and 6), supporting our hypothesis on the chromosomal evolution.
(5) 16 (6m) TC cytotype ( Fig. 7H ): The Cotton Islet-specific cytotype is intermixed equally with the 18 (4m, 2st) cytotype (Fig. 1) . Similar to the mechanism generating the 18 (6m) TF cytotype, the 16 (6m) TC cytotype was derived from Rb fusion of two st chromosomes and two t chromosomes in the 18 (4m, 2st) cytotype, resulting in the chromosome number decreasing from 2n ¼ 18 to 2n ¼ 16.
As seen above, the origins of Taiwanese cytotypes, except for the crossing origin of the 19 (5m) TG cytotype, suggested that the three cytotypes of 18 (4m, 2st), 16 (8m) and 16 (6m) TC were derived from the 18 (6m) cytotype by Rb fusion and pericentric inversion, and the 18 (6m) TF cytotype was derived from the 20 (4m) TN cytotype by Rb fusion. The hypotheses were also supported by the chromosome configurations in meiosis showing only bivalents. The chromosome variation of the remaining three cytotypes, 20 (4m) TS, 20 (4m) TN and 18 (6m), were of uncertain relationships and origins.
Karyotypic evolution (e.g. differentiation in chromosome shape, size or number) results from inter-or intrachromosomal recombination in meiosis. Rearrangement of chromosomes contributes to speciation and can reduce interspecific gene flow (Schubert, 2007) . Rb fusion, a chromosome rearrangement resulting from the centric fusion of two telocentric chromosomes to become a metacentric, is one of the most important events in mammalian karyotypic evolution (Wójcik et al., 2002; Piálek et al., 2005) and has also been recorded in higher plants (Jones, 1998) . Inter-and intraspecific chromosome rearrangements, e.g. Rb fusion/fission, peri-/paracentric inversion, translocation and deletion, were reported in several plants of the genus Lycoris (summarized in Jones, 1998) , Triticum araraticum (Badaeva et al., 1994) , influenced by environmental and habitat conditions, and Zamia loddigestii (Vovides and Olivares, 1996) , also influenced by arid habitats. However, examples of intraspecific karyotypic variation especially derived from Rb fusion in plants is limited and was previously reported from Lycoris radiata (Kurita, 1987) . Thus, intraspecific chromosome rearrangement caused by Rb fusion appeared to be rare in plants.
Recently, Kono et al. (2011) investigated chromosomal rearrangement of two representative L. mauritiana cytotypes recognized in Japan by FISH analysis. Internal telomere sites that were mainly at the proximal region near the centromere of m chromosomes suggested the occurrence of Rb fusion in st chromosomes between two cytotypes of the JM type [2n ¼ 20 (4m)] and the SR type [2n ¼18 (6m)]. These two cytotypes found in Japan were quite similar, respectively, to the 20 (4m) TN and the 18 (6m) cytotypes in this study. Therefore, a similar karyotypic rearrangement appeared to have occurred in the generation of Taiwanese cytotypes of the species.
Implications for the colonization history and pattern of oceanic dispersal
Based on concordant patterns between the cytotype distribution, population genetic structure and the inferences of allozyme variation, we hypothesize that the current distribution of L. mauritiana in Taiwan was derived from four small founding populations in the northern, eastern and southern coasts, and in the Penghu Archipelago, although the timing and sequences of the colonization events are not deducible based on present evidence. This history of initial settlement is also consistent with its maritime habit and buoyant capsules that are suited for sea dispersal (Nakanishi, 1988) . Following their establishment, populations composed of a small number of founders would have experienced severe genetic bottlenecks, resulting in the low genetic and karyotypic variation observed in the data (Barrett and Shore, 1989) .
From the initial founders, sea dispersals appear to have been effective for the expansion of populations locally, resulting in the geographically structured cytotype distribution (Fig. 1) and population genetic structure (Figs 5 and 6 ). However, gene flow among the four major distribution ranges is certainly limited, as indicated by the low value of Nm (Table 5 ) and the highly structured cytogeographic pattern. Given this, the presence of co-occurring multiple cytotypes in Green Island, Shihmen, Zhongjiao and Cotton Islet thus represent rare cases of successful long-distance dispersals between regions (Morgan- Richards et al., 2001) . Because Green Island ( Fig. 1: collection (Fig. 1: no. 3), its tight genetic relationship with the eastern populations and the unexpected presence of the 18 (6m) cytotype provides another detectable case of northward dispersal. After establishment, the 18 (6m) cytotype in Shihmen probably evolved further into the 18 (4m, 2st) cytotype. Plants of the 18 (4m, 2st) cytotype expanded locally in northern Taiwan Island (Zhongjiao, Fig. 1: no. 4) and, in another rare event, dispersed north to Cotton Islet (Fig. 1: no. 7) . Successful colonization of Cotton Islet must have been exceptionally rare, since the 20 (4m) TN cytotype that is geographically closest to the islet is absent there. There, the 18 (4m, 2st) cytotype apparently had evolved further into the 16 (6m) TC cytotype which is not found anywhere else.
Coincidentally, the inferred directions of dispersal from southern Taiwan to Green Island and from eastern Taiwan to Shihmen are northerly, corresponding closely with the flow of the KC (Qiu, 2001 ). However, the dispersal direction from Shihmen to Cotton Islet is north-easterly, against the flow of the KC that enters the East China Sea from the east near northern Taiwan. Nevertheless, this north-eastern dispersal appears to follow upper-ocean currents near the northern coast of Taiwan (Liang et al., 2003) . Unexpectedly, despite the long-lasting (Tsuchi, 1997) and dominant role of the KC in influencing marine fauna distributions in Taiwan (Mok, 2008) , our data have only detected three long-distance colonization events of L. mauritiana between their major distribution ranges. On the contrary, the occurrence of multiple cytotypes in most sample sites and the lack of an apparent cytogeographic pattern across the many islands of the Ryukyus (Oginuma et al., 2004a; Kono et al., 2008 Kono et al., , 2010 suggest frequent colonization events between islands of the archipelago, implying that hydrochory, probably aided by the KC, had a much broader impact on the distribution of L. mauritiana there.
The 16 (8m) cytotype has a disjunct distribution between the Penghu Archipelago and Yonagunijima Island, the westernmost island of the Ryukyus. During the Last Glacial Maximum (LGM), the Penghu Archipelago was part of the land bridge connecting Taiwan and continental China (Shih et al., 2007) . This glacial history suggests that the maritime environment around the Penghu Islands may have fluctuated more widely since LGM than it did in northern, eastern and southern Taiwan. Although the Penghu populations are both genetically and karyotypically closest to the eastern Taiwan population (Figs 5 and 6), it is not possible to be sure of the origin of the Penghu populations since we are currently lacking genetic data from Yonagunijima Island. Further study based on broader population sampling may provide an answer to this important question.
Coastal plant species may differ from other terrestrial taxa because of their hydrochorous habit, wide geographic range and linear distribution along the coastal lines (Kadereit et al., 2005) . Recent DNA marker-based studies of coastal plants have found taxa with both strong (Yoshida, 2000; Kadereit et al., 2005; Matsumura, 2009) and weak (Arafeh and Kadereit, 2006; Takayama et al., 2006) phylogeographic structuring. Kadereit and Westberg (2007) suggested that glacial histories, abiotic factors such as oceanic currents, and species-specific biology have all interwoven to yield their phylogeographic structures. Our present study based on karyotypic and allozyme data reveals that the current distribution of L. mauritiana might have been affected by these factors. The drastically different cytogeographic patterns between Taiwan and the Ryukyus and the intriguingly concordant patterns of karyotypic polymorphism and allozyme variation in Taiwan give us a unique opportunity to use karyotypic variation to document and elucidate the dispersal and evolution of a plant species. The additional observation of FISH, DNAbased phylogeographic analysis and a population genetic study using microsatellite loci in L. mauritiana are all currently underway in order to understand more fully the intriguing relationships and origins of the karyotypic polymorphisms in this singular species.
